a 4-fold symmetric gating ring from a state in which from wt HCN2 monomers ). In contrast, channels formed from dimers in which each CNBD consubunits interact as a 2-fold symmetric dimer of dimers. tained the R591E mutation (mut-mut) were unresponsive to cAMP (⌬V max ϭ ϩ0.1 Ϯ 0.7 mV, n ϭ 5; Figures 1D-1F) Results but showed normal voltage gating in the absence of cAMP (V 1/2 ϭ Ϫ137.1 Ϯ 2.3 mV, n ϭ 6; Figure 1D ). This study had two overlapping goals. First, we wished to Do channels with only two functional CNBDs, formed determine the energetic contribution of individual cAMP from wt-mut dimers, respond to cAMP? Such mutant binding events to the gating of the tetrameric HCN chanchannels did indeed show a positive voltage shift with nels. Second, we wished to study the functional imporcAMP, although the maximal shift of ϩ8.8 Ϯ 0.3 mV tance for cAMP gating of distinct subdomains observed (n ϭ 9) was slightly less than half the maximal response in the X-ray crystal structure of the C linkerϩCNBD region observed in wt channels ( Figures 1G-1I ). In contrast to of HCN2 (Zagotta et al., 2003) . In particular, we were the reduction in the cAMP response, the V 1/2 of the wtinterested in whether such structures contribute to the mut channels in the absence of cAMP was similar to energetics of ligand gating by acting in a subunit-autonthat of wt channels (Figures 1G-1I ; V 1/2 ϭ Ϫ141.2 Ϯ 0.8 omous manner or whether they exert important intersubmV; n ϭ 9). A similar effect of cAMP was obtained with unit actions. To approach these questions, we permut-wt dimers, in which the order of wt and mut subunits formed two types of related experiments. First, we was reversed (⌬V max ϭ ϩ8.4 Ϯ 0.4 mV; n ϭ 10). The constructed channels that were constrained to bind a concentration-response relationships for these chanmaximum of 0, 1, 2, 3, or 4 cAMP molecules using a nels revealed a high sensitivity to cAMP, with an EC 50 minimally disruptive point mutation that prevented li-(concentration producing half-maximal effect) of ‫1.0ف‬ gand binding to the CNBD of defined subunits within a M, similar to that of wt HCN2 and much greater than tetrameric channel. Second, we compared the gating of that of channels containing four mutant subunits channels that contained the point mutation to the gating (EC 50 ϾϾ 300 M) (Figure 2 ). of channels that had a more disruptive C-terminal dele-
The above results have two important implications. tion that both prevented cAMP binding and removed First, the finding that channels formed by mut-wt and wtspecific C-terminal subdomains. We reasoned that if a mut dimers have identical responses to cAMP suggests given C-terminal subdomain participates in cAMP gating that the two subunits in a dimer were reliably incorposolely through subunit-autonomous intrasubunit acrated into a fully assembled channel; otherwise, the two tions, its loss should inhibit cAMP gating in a manner constructs should have shown distinct effects of cAMP. similar to the point mutation. In contrast, if a C-terminal Second, the HCN channels are most likely tetramers subdomain makes intersubunit interactions that are imwith four CNBDs. If the channels were trimers or pentamportant for cAMP gating, its deletion should result in a ers, the mut-wt and wt-mut dimers should have genersignificantly greater inhibitory effect on cAMP gating ated channels with different numbers of wt and mut compared to the point mutation.
CNBDs, and thus should have differed in their responses to cAMP.
Functional Ligand Stoichiometry
Does the binding of a single cAMP molecule enhance of HCN2 Channels channel gating? Do three binding events produce a simiTo determine the energetic contributions to ligand gatlar extent of modulation to that seen in wt channels? To ing of the binding of each of four cAMP molecules per explore these questions, we constructed tandem tetrachannel, we constructed fusion proteins of two or four mers consisting of four linked HCN2 subunits. We first covalently linked HCN2 subunits (tandem dimers and confirmed that tandem tetramers consisting of all wildtetramers, see Experimental Procedures) in which cAMP type (wt-wt-wt-wt) or all mutant (mut-mut-mut-mut) subbinding to selected subunits was inhibited through muunits behaved similarly to channels formed from wt or tation of a conserved arginine in the CNBD to glutamate mut monomers. Thus, wt-wt-wt-wt channels showed (R591E). We previously showed that this mutation, which normal voltage gating, with a V 1/2 of Ϫ137.9 Ϯ 1.9 mV disrupts an electrostatic interaction with the cyclized (n ϭ 6), in the absence of cAMP and a maximal response phosphate of cAMP, reduces the affinity of the HCN2 to cAMP identical to that of wt monomeric and dimeric CNBD for ligand by more than 3 orders of magnitude channels (⌬V max ϭ ϩ19.4 Ϯ 0.5 mV; n ϭ 7). Channels (Weber and Steitz, 1987; Tibbs et al., 1998; Chen et al.,
formed from mut-mut-mut-mut tandem tetramers also 2001). Importantly, this mutation has no effect on voltage showed normal voltage gating in the absence of cAMP gating in the absence of cAMP, indicating that it does and, as expected, failed to respond to cAMP (⌬V max ϭ not alter the intrinsic energetics of channel gating ( Figure  ϩ0 .07 Ϯ 0.07 mV, n ϭ 5, for 30 M cAMP).
1; Chen et al., 2001).
Tandem tetramers containing only one functional Channels formed from tandem dimers consisting of CNBD (mut-mut-mut-wt) showed a small but highly retwo covalently linked wild-type HCN2 subunits (wt-wt) producible response to cAMP, with a ⌬V max of ϩ2.8 Ϯ functioned normally. The midpoint voltage of activation 0.3 mV (n ϭ 6; Figure 2 ). This was significantly greater (V 1/2 ) of wt-wt channels in the absence of cAMP was than the effect of cAMP on the mut-mut-mut-mut chan-Ϫ140.9 Ϯ 1.9 mV (n ϭ 3), identical to that of channels nels (p Ͻ 0.0003). Channels containing three functional formed from wt HCN2 monomers. Moreover, the chanCNBDs (wt-wt-wt-mut; Figure 2) showed a large maxinels showed a maximal facilitatory shift in their V 1/2 mal response to cAMP (⌬V max ϭ ϩ11.7 Ϯ 0.4 mV, n ϭ (⌬V max ) in response to saturating concentrations of cAMP 9) that was greater than the response of channels with (Ն30 M) of ϩ19.5 Ϯ 0.7 mV (n ϭ 7) ( Figures 1A-1C and two functional CNBDs, but less than the shift observed for channels with four wt CNBDs. Both mut-mut-mut-2), identical to the shift observed in channels formed wt and wt-wt-wt-mut channels displayed a normal high tant, are they 4-fold symmetric, as expected for a tetrameric gating ring, or 2-fold symmetric, as expected for sensitivity to cAMP, with EC 50 values of 0.1-0.2 M (Figure 2) . Thus, cAMP sensitivity remained unchanged, rea dimer of dimers? Although our primary approach to such questions comes from an analysis of deletion mugardless of whether an HCN2 channel contained 1, 2, 3, or 4 functional CNBDs, although ⌬V max varied. These tants, initial insight into such questions was obtained by comparing the effects of cAMP on the gating of the results provide a strong argument that the effects of cAMP on channels containing one or more mutant subtwo types of channels that can be formed from two wildtype and two R591E subunits: in one type of channel, units do not contain a contribution from binding to the R591E subunits; otherwise, cAMP sensitivity should identical subunits lie diagonally opposite to each other (trans arrangement); in the other type of channel, identihave decreased as the number of mutant subunits increased.
cal subunits lie next to each other (cis arrangement). If cAMP gating is subunit autonomous or depends on The observation that channels with a single functional CNBD (mut-mut-mut-wt) were significantly more re-4-fold symmetric interactions, cis and trans channels should function identically. We generated trans chansponsive to cAMP than channels with no functional CNBDs (mut-mut-mut-mut) indicates that all four subnels from tandem constructs with alternating wt and units of a tandem tetramer were reliably incorporated mutant subunits (e.g., wt-mut or wt-mut-wt-mut). We into a functional channel and confirms that HCN changenerated cis channels from tandem tetramers with like nels are tetramers. Further support for these conclusubunits adjacent (mut-mut-wt-wt). sions comes from our finding that tandem tetramers Although trans channels (e.g., wt-mut-wt-mut) rewith alternating wt and mut subunits (wt-mut-wt-mut) sponded to cAMP with a ⌬V max of 8-9 mV (Figures 3A-yielded channels with a ⌬V max of ϩ8.9 Ϯ 0.3 mV (n ϭ 7), 3C), cis channels displayed a ⌬V max that was only ϩ5.2 Ϯ identical to that of wt-mut or mut-wt dimer channels 0.2 mV (n ϭ 6; Figures 3D-3F ), significantly less than ( Figures 3A-3C) . Together, these results demonstrate the response of the trans channels (p Ͻ 0.0003). Howthat the tandem constructs provide an internally consisever, the cis channels exhibited a normal high sensitivity tent and reliable approach to determining the functional to cAMP (K 1/2 ϭ 0.3 M) and normal voltage gating in stoichiometry of ligand gating. the absence of cAMP. We thus conclude that cAMP gating requires subunit interactions that are not strictly 4-fold symmetric.
Importance of Subunit Interactions in cAMP Gating
The dependence of ⌬V max on the number of functional CNBDs per channel and subunit arrangement is summaIs cAMP gating subunit autonomous or does it require subunit interactions? If subunit interactions are imporrized in Figure 4 . There is a progressive increase in ⌬V max units of a channel undergo a single concerted transition from a closed to an open state. Binding of ligand to each subunit provides an equal and independent energetic contribution to enhance channel opening. As shown in Figure 4A , our experimental data deviated from the linear predictions of this model, which also failed to predict the difference between cis and trans channels. Next, we investigated the Hodgkin-Huxley (HH) model ( Figure 4B ), which postulates that channel opening requires that all four subunits undergo an independent activation reaction (Hodgkin and Huxley, 1952). This model also failed to adequately describe the data and failed to predict the difference between cis and trans channels. In contrast, a 2-fold symmetric dimer of dimers model, previously used for CNG channels (Liu et al., 1998), provided a good description of the data ( Figure 4C ). In this hybrid of the MWC and HH schemes, the two subunits within a dimer undergo a concerted transition from a resting to an activated state, similar to the MWC model. However, like the HH model, each dimer activates independently of the other dimer, and both dimers must activate for a channel to open. Within a dimer, we assume that ligands bind equally and independently to each subunit to stabilize the open state. Importantly, the model predicts that trans channels should exhibit a greater response to cAMP than cis channels. This is because each dimer of a trans channel will contain one functional CNBD and so will have its activation reaction enhanced by cAMP binding. In cis channels, by contrast, the one dimer with two mutant CNBDs that fails to bind any cAMP provides a limiting energetic barrier that reduces the overall probability of channel opening.
Are Gating Ring Interactions Required for cAMP Action or Tonic Inhibition?
We next sought to determine the energetic contributions of individual structural components of the ligand-gating machinery and whether such structures act in a subunit autonomous manner or interact with neighboring sub- should generate channels with a more pronounced deficAMP gating? We previously found that HCN2 channels formed from mutant monomers that lack the ␤-roll docit in cAMP gating compared to wt-R591E channels, in which the mutant subunit contains an intact C helix. main, in which a C-terminal truncation deleted the entire CNBD (⌬CNBD), formed channels that both failed to However, we found that tandem wt-⌬C ␣ dimers formed channels that exhibited a response to cAMP, ⌬V max ϭ respond to cAMP and exhibited a ‫02ف‬ mV positive shift in their V 1/2 relative to wt channels, similar to the shift ϩ8.6 Ϯ 0.5 mV (n ϭ 6), that was identical to that of wt-R591E channels ( Figures 5A-5C , 6B, and 6C). In the produced by cAMP (Wainger et al., 2001 ). This finding led us to suggest that this region of the CNBD exerts absence of cAMP, voltage gating of wt-⌬C ␣ channels was also normal. Thus, we conclude that the C helix a tonic inhibitory effect on gating that is relieved by cAMP binding. participates in cAMP gating through subunit autonomous contacts, consistent with the HCN2 X-ray strucTo explore the possible function of subunit interactions mediated by the ␤-roll domain in either tonic inhibiture (Zagotta et al., 2003) . Do the remaining 100 amino acids of the CNBD prestion or relief of that inhibition by cAMP, we covalently linked a wt HCN2 subunit with a ⌬CNBD subunit (wtent in the ⌬C ␣ subunits, which form the ␤-roll domain (comprised of a ␤-roll flanked by the two short A and B ⌬CNBD, Figures 5D-5F ). Channels lacking two out of four CNBDs showed relatively normal hyperpolarizationhelices), participate in subunit interactions important for Figure 6B ). This effect is conchannels was shifted by ϩ14 mV relative to wt channels, indicating a substantial, but still incomplete, relief of sistent with a partial relief of tonic inhibition. The magnitude of this effect, however, is much less than the ‫02ف‬ tonic inhibition ( Figure 6B ). Because wt-⌬C term channels, which failed to respond to cAMP, and wt-⌬CNBD chanmV shift seen in channels formed from four ⌬CNBD monomers ( Figure 6B ), indicating that a sizable amount nels, which responded to cAMP, only differ in the absence or presence, respectively, of four intact C linkers, of tonic inhibition is still present in wt-⌬CNBD channels. From these results, we conclude that interactions bewe conclude that interactions mediated by neighboring C linkers are required for cAMP modulation, but may tween CNBDs of neighboring subunits are not required for either cAMP gating or tonic inhibition. This is consisnot be strictly necessary for tonic inhibition. tent with the HCN2 X-ray structure, in which the CNBD makes only subunit-autonomous contacts with its own Discussion C linker (Zagotta et al., 2003) .
The 80 amino acid C linker, a cytoplasmic region that These experiments provide the first direct determination of the energetic contributions to gating of the binding connects the S6 transmembrane segment to the CNBD, mediates almost all intersubunit contacts that form the of each of four individual cAMP molecule to a tetrameric HCN channel. Our data clearly indicate that all four ligating ring in the HCN2 crystal structure (Zagotta et al., 2003) . We therefore examined the importance of gand binding sites must be occupied by cAMP to achieve a maximal enhancement of channel gating. intersubunit interactions mediated by the C linker for both tonic inhibition and cAMP gating by constructing However, binding of even a single molecule of cAMP is sufficient to produce a significant increase in channel channel conductance in the presence of TEA. Similar to our findings for HCN and CNG channels, these authors opening. Each successive bound ligand then produces a nonlinear increase in the energetics of channel opening.
found that activation of a single subunit by Ca 2ϩ was sufficient to enhance channel opening and concluded Importantly, we found that channels with two functional CNBDs showed a greater enhancement of gating when that each of four subunits contributed a stepwise degree of cooperativity toward channel opening. the CNBDs were diagonally opposite one another (trans configuration) than when they were adjacent to one anLabarca et al. (1995) addressed the issue of subunit cooperativity, but not ligand stoichiometry, for the penother (cis configuration). These data are consistent with a quantitative model in which the four subunits interact tameric nicotinic acetylcholine receptors. The authors mutated to serine a key leucine residue in the poreas a dimer of dimers.
Our results additionally offer new insights into the lining M2 membrane segment, which slows desensitization and increases sensitivity to agonist. With each addirelation between the three-dimensional quaternary structure of the ligand binding region of a channel and tional mutation, the concentration-response curve shifted in a linear fashion, suggesting that each subunit made the activation of that channel by ligand binding. We find that whereas interactions among neighboring CNBDs an independent contribution to channel opening (Labarca et al., 1995). However, this study did not directly are not required for cAMP gating, an intact C linker gating ring is absolutely necessary. Such results are consistent address the effects of ligand binding. Some of the differences among previous studies conwith the crystal structure of the HCN2 C-terminal region (Zagotta et al., 2003) , in which the C linker, but not cerning ligand stoichiometry are no doubt due to differences in the fundamental gating mechanism of the difthe CNBD, mediates subunit interactions that form the tetrameric gating ring. This agreement strongly supports ferent channels under study. However, some of the differences may be related to the indirect nature of the the idea that the structure of this soluble portion of the channel is functionally relevant to ligand gating in the methods previously used, which required certain untested assumptions about the specificity of various mufull-length channel.
The stoichiometry of ligand gating and the nature of tations or the specificity of actions of certain ligands. 
In our approach here, we directly constrained the numsubunit interactions has been addressed previously for several other types of channels. Two prior sets of studies ber of ligands bound per channel by introducing a point mutation in the CNBD of defined subunits within a tanreached different conclusions as to the stoichiometry of ligand-gating energetics for the cyclic nucleotidedem dimer or tetramer. Importantly, this point mutation did not affect the basic energetics of channel opening, gated channels (Ruiz and

